The application of subcritical water treatments to valorize cer tain plant-based agricultural waste is reviewed with a focus on the extraction of phenolic compounds and the production of oligosaccharides. Phenolic compounds can be ef ficiently extracted by raising the temperature to an optimal value; however, many phenolic compounds are decomposed at high temperatures. Nevertheless, some degradation products of phenolic compounds also show high antioxidant activity. The conversion of polysaccharides from plant-based agricultural waste into smaller polysaccharides or oligosaccharides may be an alternative method for the preparation of ingredients with health benefits.
Introduction
Plant-based agricultural production, particularly production of cereals, fruits, and vegetables, is economically impor tant for many tropical countries including Thailand. In addition to direct household consumption, these raw materials are usually processed into several products such as canned foods, juices, and dried products by food processing industries. Inevitably, the industrial manufacture of these processed foods usually yields large volumes of waste. The amount of waste typically produced from some fruit processes is shown in Table 1 .
Peels and seeds are normally discarded as waste in most processes and, in many cases, their volume can exceed that of the edible parts. Valorization of this waste is therefore highly demanded by the industry and many attempts have been made towards their re-use.
Traditionally, this waste has been mainly re-used in agriculture as animal feed and fertilizer (compost) to a limited extent. The extraction of high-value components for human consumption can be viewed as a new and preferable method for the utilization of this waste. The extraction of pectin, a polysaccharide gelling agent, from some fruit waste, such as apple pomace, citrus peel, and sugar beet meal, is a good example of a commercial process to increase the value of fruit waste. The extraction of bioactive compounds from agricultural waste for use as functional ingredients can result in larger profits for the manufacturer. For example, Morinaga, a Japanese company, commercializes the extract from passion fruit seeds containing piceatannol, which has been found to possess several health benefits [1] . Another example is the success- Table 1 Amount of waste typically generated from various tropical plant processes.
Raw material
Process By-products Amount Reference Pineapple Canning Peel, core, pulp, crown 30-50% of whole fruit [32, 33] Passion fruit Juice processing Peel, seed 65-75% of whole fruit [34] Coconut Coconut milk Meal (dry) 15% of coconut meat [35] Mango Juice Peel, pulp, seed 40-60% of whole fruit [36] Longan Canning Peel, seed 47% of whole fruit [37] Banana Dried Peel 30% of whole fruit [38] Pramote KHUWIJITJARU 34 ful use of longan seed extract in an ointment for joint and muscle pain relief by a pharmaceutical manufacturer in
Thailand [2] . The utilization of fruit waste by processing it into dietary fiber, which can be used as a food ingredient or diet supplement, has also been extensively studied [3] .
To support the effective use of waste, several processing technologies have also been developed and are continuously being improved. In the past two decades, subcritical water has been one of the green technologies that have attracted much interest for the production of valueadded products from low-value agricultural waste [4] . A number of review articles on the application of subcritical water for the re-utilization of agricultural waste have been published [5] [6] [7] [8] [9] . In this article, the two major applications of subcritical water in food engineering for the valorization of agricultural waste, i.e. the extraction of phenolic compounds and the conversion of macromolecules (in particular polysaccharides to oligosaccharides), from recent publications are reviewed and discussed.
Subcritical water
The terms "subcritical water", "superheated water", and "pressurized hot water", have been interchangeably 
Extraction and degradation of phenolic compounds
Phenolic species comprise a very large group of compounds found in nature. Different structures, from simple phenolic acid to the complex large molecule tannin, can be obtained from a number of sources [13] . It has been known that phenolic compounds exhibit several properties, in particular antioxidant and antimicrobial activities.
Therefore, numerous attempts on the extraction and utilization of phenolic compounds in the food and pharmaceutical industries have been reported. Fruit is a good source of phenolic compounds, especially from peels and seeds, which are normally discarded as waste. Because phenolic compounds contain both a hydrophilic structure i.e.
hydroxyl and carboxylic groups, and a hydrophobic structure, i.e. aromatic rings, the extraction of phenolic compounds is usually achieved by a mixture of water and organic solvents. An aqueous alcohol solution, for example 60-90% methanol or ethanol, is usually employed for the extraction of phenolic compounds [14] . Using pure water as the solvent normally results in a low extraction ef ficiency toward phenolic compounds, while using hydrophobic solvents such as hexane may also extract other undesirable compounds such as fats and waxes.
The extraction of phenolic compounds using subcritical water has been widely investigated by a number of researchers and some reviews on this topic have also been published [6, 9] . The two main factors that influence the subcritical water extraction process are the extraction temperature and time, whereas the pressure is known to only slightly affect the extractability of compounds and, therefore, this variable has not been studied ver y often. Figure 3 shows the total phenolic content obtained from subcritical water extraction of kaffir lime (Citrus hystrix) peel at 100-200℃ [15] . It has been reported in most studies that increasing the extraction temperature increases the amount of phenolic compounds in the extract; however, at very high temperatures, a decline of the phenolic content can be observed [16, 17] . The increasing phenolic content extracted at high temperatures may be caused by two phenomena.
The first one is a decrease in the hydrophilicity of water at high temperatures, which therefore promotes the dissolution of hydrophobic phenolic compounds at high concentrations. The second one is the destruction of the sample cell structure, which helps increase the accessibility to the target compounds and accelerate the mass transfer processes during extraction.
It should be noted that many studies have only reported the total phenolic content of the extracts from subcritical water treatments, par ticularly using the Folin-Ciocalteu method, which is unable to distinguish phenolic compounds originated from raw materials from other compounds that have possibly formed during the subcritical water treatment. For example, Maillard reaction products, vitamins, and amino acids can also react with the Folin-Ciocalteu reagent [18] . The antioxidant activity of Maillard reaction products that have been formed from sugar and amino acids under subcritical water conditions has been reported [19] . Future work on this topic should focus on the analysis of specific bioactive components or, at least, the possibility of new applications of the crude extract from subcritical water treat- Pramote KHUWIJITJARU 36 ments should be proposed explicitly.
At the same time, similarly to most other organic compounds, phenolic compounds are also susceptible to thermal and other degradation reactions under subcritical water conditions. Vergara-Salinas et al. [17] reported the decrease of anthocyanin and tannin content during subcritical water treatment of grape pomace at temperatures higher than 100 and 150℃, respectively; while Ko et al. [20] found that the maximum yield of total flavanols from green tea leaves was obtained in subcritical water at 150℃ and that, at higher temperatures, some flavanols decomposed. Therefore, the degradation data of phenolic compounds in subcritical water are necessar y for the optimization of the extraction conditions. However, only a few reports dealing with the degradation of phenolic compounds have been published. Khuwijitjaru et al. [21] studied the degradation kinetics of 10 phenolic compounds, including caffeic, chlorogenic, p-coumaric, gallic, gentisic, p-hydroxybenzoic, protocatechuic, syringic, and vanillic acids and catechin, and found that the degradation reactions followed first order kinetics in the temperature range of 100-200℃ (Fig. 4) . In addition, all compounds completely degraded after treatment at 250℃ for 30 min. Also, González et al. [22] reported the first order kinetics degradation of vanillic acid in sub-and supercritical water at 200-500℃. Recently, Cheng et al. [23] also reported the degradation of catechol, protocatechualdehyde, salvianic acid A, protocatechuic acid, and ferulic acid in subcritical water at 100-350℃. For the phenolic acids, the main degradation reaction was found to be decarboxylation, such as the decarboxylation of caffeic acid to 4-vinylcatechol [24] , of vanillic acid to guaiacol [22] , and of syringic acid to syringol [25] . We have recently found that the degradation products of caffeic acid, especially 4-vinylcatechol, also possess high antioxidant activity as measured by an online high-performance liquid chromatography/2,2-diphenyl-1-picrylhydrazyl (HPLC-DPPH) assay (Fig. 5 ) [24] and, therefore, it is possible to obtain new antioxidant compounds by treating naturally available phenolic compounds using subcritical water.
Extraction of oligo-and polysaccharides
Since polysaccharides are generally a major constituent of plant cellular structures, it is reasonable to pay attention to the potential use of these compounds derived from plant-based agricultural waste. The extraction of oligo-and polysaccharides from various low-value raw materials using subcritical water is an application that has recently gained much interest from researchers worldwide. Oligosaccharides, which are usually defined as a chain of monosaccharides from 3 to 10 units, can be classified depending on their monosaccharide residues and bonding. Many oligosaccharides are well known for their benefits to human health, especially as prebiotics.
The production of oligosaccharides can be carried out by several methods, although enzymatic processes are currently the main method employed for the production of commercial oligosaccharides [26] . The conversion of plant polysaccharides into oligosaccharides by acid hydrolysis is also possible. The application of subcritical water treatments to hydrolyze plant polysaccharides into oligosaccharides has been found to be an alternative method. Table 2 shows subcritical water treatments or similar processes (i.e. hydrothermal processes) for the conversion of polysaccharides into oligosaccharides. We have studied a subcritical water treatment process to produce mannooligosaccharides from coconut meal [27] and pecticoligosaccharides from passion fruit peel [28] . The highest yield of mono-, di-, and mannooligosaccharides with degree of polymerization (DP) 3-6 and higher was obtained at about 28 g saccharides per 100 g dry coconut meal by treating coconut meal with water at a ratio of 8 g/80 g (Fig. 6 ) after a treatment time of 14 min [27] .
Purification processes for these products have also been explored in some studies. For example, a membrane process has been shown to be an effective method to separate oligosaccharides with desired chain lengths from the extract [29] .
Pectin is a polysaccharide mainly found in plant cell walls. It contains heteropolymers of galacturonic acid and some other neutral sugars such as rhamnose, arabinose, etc. with some methyl-esterified galacturonic acid.
Pectin is usually extracted from fruit peels by a diluted hot acid solution, such as nitric and hydrochloric acids, and is very useful and widely used in food and pharmaceutical industries. Recently, pectin extraction from plants using subcritical water has been reported ( Table   3 ). The subcritical water extraction process usually takes shorter times than conventional methods, but the pectin obtained from subcritical water treatments is usually smaller in size (30-70 kDa) than those obtained from Table 2 Conversion of polysaccharides to oligosaccharides via subcritical water treatment or similar processes.
Raw material Oligosaccharide products Conditions (Yield) Reference
Coconut meal Mannooligosaccharides (DP 3-7) 1 g coconut meal/10 g water, heated to 250℃ for 14 min and cooled (16.8%) [27] Passion fruit peel Oligosaccharides (galacturonan) 1 g coconut meal/16 g water, heated to 150℃ for 4.5 min or 175℃ for 5.5 min and cooled (21%) [28] Citrus peel Pectic oligosaccharides (oligogalacturonides, arabinooligosaccharides, and galactooligosaccharides) 1 kg dry sample/12 kg water, heated to 160℃ and cooled (25.1%) [39] Lemon peel Pectic oligosaccharides (DP 2-18 oligogalacturonides and DP 2-8 arabinooligosaccharides)
1 kg dry sample/12 kg water, heated to 160℃ and cooled (14 g/100 g dry lemon peel after membrane purification)
[29] Fig. 6 Mono-, di-, and oligosaccharides content of hydrolysates obtained by subcritical water treatment at 250℃ using various coconut meal-to-water ratios. Numbers indicate degrees of polymerization. Table 3 Extraction of pectic substances using subcritical water treatment.
Raw material Conditions Products Reference
Citrus junos (yuzu) flavedo Sequential extraction using a semicontinuous system at 60 to 160℃ Pectin -80% yield [40] Apple pomace, citrus peel [43] conventional methods (＞100 kDa). Nevertheless, this should be considered as an advantage of the method, since the bioactivity of low molecular weight pectin obtained by chemical or enzymatic treatments has recently attracted much attention [30, 31] . In addition, low molecular weight pectin can be used as a dietary fiber ingredient in drinks, since it provides low viscosity at high concentrations and does not usually form gels as large molecular weight pectin does.
Conclusions
In 
Acknowledgements
A Visiting Research Scholarship from the Graduate School of Agriculture, Kyoto University is gratefully acknowledged.
